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© Methods and apparatus for inspecting surface 
features of a substrate. In each configuration, at least 
one TDI sensor is used to image the portions of 
interest of the substrate, with those portions illumi- 
nated either with substantially uniform illumination or 
critical illumination. In one configuration, a substrate, 
is compared to the expected characteristic features 
prestored in a memory. In a second configuration, a 
first and second pattern in a region of the surface of 
at least one substrate are inspected by comparing 
one pattern against the other and noting whether 
they agree with each other without the prestoring of 
an expected pattern. This is accomplished by illu- 
minating at least the two patterns, imaging the first 
pattern and storing its characteristics in a temporary 
memory, then imaging the second pattern and com- 
paring it to the stored characteristics from the tem- 
porary memory. Here, the comparison reveals 
whether the two patterns agree or not. Then the 
comparisons continue sequentially with the second 



pattern becoming the first pattern in the next 
imaging/comparison sequence against a new second 
pattern. Each time the comparison is performed, it is 
noted whether or not there has been agreement 
between the two patterns and which two patterns 
where compared. After all of the patterns are se- 
quentially compared, the bad ones are identified by 
identifying those that did not compare with other 
patterns in the test process. This inspection tech- 
nique is useful for doing die-to-die inspections, as 
well as repeating pattern inspections within the same 
die. A variation of the second configuration uses two 
TDI sensors to simultaneously image the first and 
second patterns, thus eliminating the need for the 
temporary memory. In this configuration, the two 
patterns are simultaneous imaged and compared, 
then additional patterns are compared sequentially, 
in the same manner with the results of the compari- 
sons and the pattern locations stored determine 
which patterns are bad when the inspection of all 
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AUTOMATIC HIGH OPTICAL INSPECTION APPARATUS AND METHOD 



The present invention relates to automated in- 
spection of surfaces such as printed wiring boards 

and the like. 

A printed wiring board (pwb) comprises a pat- 
tern of electrical conductors (made of a material 
such as 1 .4-mil " -thick copper) residing on a non- 
conducting substrate (made of a materia! such a 
FR-4 epoxy-fiberglass composite). During the man- 
ufacture of pwb's. the top surface of the conductive 
material is often intentionally roughened, in order to 
promote adhesion of photoresist to the conductor. 
Among the methods of roughening are mechanical 
abrasion, chemical etching, and application of a 
textured surface layer by electroplating (as in so- 
called "double-treat copper"). Each roughening 
method produces its own characteristic surface tex- 
ture. 

tt is therefore a requirement, in the design of a 
machine for the optical inspection of pwb's that the 
machine be able to cope effectively with a wide 
variety of surface textures. It is also desirable, in 
order that the machine be as flexible in application 
as possible, that it be able to correctly inspect 
pwb's in which the conductors have smooth sur- 
faces. 

The most common and straightforward way to 
illuminate opaque optical surfaces for inspection is 
to provide illumination through the same lens that 
will be used to view the inspected surface, and to 
collect with that lens the light which is reflected or 
scattered from the surface. This method is com- 
monly known as brightfield vertical illumination, or 
simply as brightfield illumination. 

Figure 2 illustrates the problem which is inher- 
ent in using brightfield illumination to inspect pwbs. 
A copper conductor 8 (shown in cross-section) 
resides on an insulating substrate 9. The top sur- 
face of conductor 8 is shown to be rough (the 
characteristic dimension of the roughness is greatly 
exaggerated for illustrative purposes). Illumination 
is provided through lens 1 1 , which is also used for 
viewing light reflected or scattered from the sur- 
face. 

Consider now the behavior of this system in 
inspecting a particular point 13 on the conductor 
surface. Point 13 has been selected, for illustrative 
purposes, to be within a small area that is sloped 
substantially away from level. Illumination rays 1 
and 2 arrive at point 13 from the extreme edges of 
lens 11. All other light rays striking point 13 will 
arrive at angles between rays 1 and 2. The inclina- 
tion of the surface at point 13 is such that ray 1 is 



reflected into ray 3, and ray 2 is reflected into ray 
4, both of these rays lying outside the aperture of 
lens 1 1 . All other illumination rays will reflect some- 
where between ray 3 and ray 4. which is to say 
5 that none of the illuminating light will be reflected 
back into lens 11. Any optical sensor that is placed 
above lens 11, so as to view the returning rays, will 
see point 13 as being black, because none of the 
light leaving point 13 gets through the lens. 
70 The general point being illustrated here is that 

when a rough surface is viewed by brightfield verti- 
cal illumination, the steeply inclined portions of that 
surface will tend to appear dark, and the overall 
appearance of the surface will be strongly mottled. 
is It is necessary for the optical inspection machine to 
distinguish between regions of copper and regions 
of insulator. This is often done by taking advantage 
of the fact that conductive regions are more reflec- 
tive than are insulating regions, at least at selected 
20 wavelengths. Electronic logic can be employed 
which identifies dark regions as being insulative 
and bright regions as being conductive. If an op- 
tical illumination system causes conductive regions 
to appear mottled then some parts of the conduc- 
25 five regions will be falsely identified as being in- 
sulative. 

A known cure for this problem is to average 
observed reflectance values over a relatively large 
region, so as to take advantage of the fact that the 
30 average reflectance, even of rough-textured cop- 
per, is often higher than the average reflectance of 
substrate materials. This method has the disadvan- 
tage, however, that it makes it impractical to detect 
actual missing-copper defects of a size smaller 
as than the averaging region. Defining Numerical Ap- 
erture (NA) of the illuminator in the conventional 
way, which is to say that NA = sin (0). 8 being the 
angle between a normal to the surface and the 
extreme illuminating ray. the NA of illumination 
40 should be at least about 0.7 NA, and preferable 
greater than 0.8 NA. In addition, the illumination 
should be of constant intensity 
(watts/steradian/cm2) over all angles of incidence 
(i.e. quasi-Lambertian). 
45 An achievement of the present invention is that, 

by reducing optically the apparent mottling of 
rough-textured surfaces, it is made possible to 
avoid large-area averaging, and consequently it be- 
comes possible to detect smaller regions of miss- 
so ing conductive material. 

It is not new to provide focussed illumination 
from a large range of angles, up to a numerical 
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aperture which may even exceed 0.9. Such illu- 
mination is achieved, for example, in brightfield 
vertical illuminators used in high-magnification mi- 
croscopes employing high-NA objectives. The best 
of such microscopes achieve illumination NA's on 
the order of 0.95. The intensity of illumination in 
such microscopes is not, however, independent of 
the angle of incidence. The falloff in transmission of 
strongly-curved lens elements at large angles 
causes the illumination provided by such objectives 
to be significantly weaker at angles far from the 
normal. 



Summary of the Invention 



In accordance with the illustrated embodi- 
ments, the present invention presents methods and 
apparatus for inspecting surface features of a sub- 
strate, according to independent claims 1, 7, 13, 
19, 25 and 27. Further advantageous features of 
the invention are evident from the dependent 
claims, the description and the drawings. The 
claims are intended to be a first non-limiting ap- 
proach of defining the invention in general terms. 

The invention provides an automated high 
speed inspection of surfaces using a TDi sensor as 
a detector. 

In each configuration, at least one TDI sensor 
is used to image the portions of interest of the 
substrate, with those portions illuminated either 
with substantially uniform illumination or critical illu- 
mination. 

A first embodiment checks the substrate 
against the characteristic features of the substrate 
being inspected against prestored characteristics 
from a memory means. Then, as the substrate 
being inspected is imaged, that image is compared 
against the stored characteristics from the memory 
means. 

In n second embodiments first and second 
pattern in a region of the surface of at least one 
substrate are to be inspected by comparing one 
pattern against the other and noting whether they 
agree with each other without the prestoring of an 
expected pattern. This accomplished by illuminat- 
ing at least the two patterns, imaging the first 
pattern and storing its characteristics in a tem- 
porary memory, then imaging the second pattern 
and comparing it to the stored characteristics from 
the temporary memory. Here, the comparison re- 
veals whether the two patterns agree or not. Then 
the comparisons continue sequentially with the 
second pattern becoming the first pattern in the 
next imaging/comparison sequence against a new 
second pattern. Each time the comparison is per- 
formed, it is noted whether or not there has been 
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agreement between the two patterns and which two 
patterns where compared. After al! of the patterns 
are sequentially compared, the bad ones are iden- 
tified by identifying those that did not compare with 
5 other patterns in the test process. This inspection 
technique is useful for doing die-to-die inspections, 
as well as repeating pattern inspections within the 
same die. 

The third embodiment is similar to the second 
70 embodiment. In this embodiment, two TDI sensors 
are used to simultaneously image the first and 
second patterns, thus eliminating the need for the 
temporary a memory. In this embodiment, the two 
patterns are simultaneous imaged and compared, 
is then additional patterns are compared sequentially, 
in the same manner with the results of the com- 
parisons and the pattern locations stored determine 
which patterns are bad when the inspection of ail 
patterns is completed. 

20 

Brief Description of the Figures 



25 Figure 1 is a block diagram of the automatic 
printed wiring board inspection machine of the 
present invention. 

Figure 2 is cross sectional view that illustrates 
the light scattering effect of a representative 
30 copper trace on a printed wiring board to be 
inspected. 

Figure 3 illustrates a portion of the surface of a 
copper trace where illumination of the surface is 
impossible by any illumination scheme. 
35 Figure 4 is a histogram that illustrates the dif- 
ference in the intensity of the reflected light 
from a copper trace versus a fiberglass sub- 
strate. 

Figure 5 is a graph that shows the relationship 
40 between the width of the copper reflectivity peak 
and the numerical aperture of the illuminator. 
Figure 6 is a cross-sectional schematic repre- 
sentation of a quasi- Lambertian reflected light 
illuminator of the present invention. 
45 Figure 7 is a perspective view of the illuminator 
of Figure 6. 

Figure 8 is a cross-sectional view of a pwb to 
illustrate the effect of incident and reflected light 
rays when the pwb is illuminated through a low 

so and a high N.A., with and without the use of an 
illumination-restricting slit. 
Figure 9 is a set of histograms that illustrate the 
contrast of the illuminated fiberglass substrate 
and the copper conductor for three different 

55 conditions of N.A. and the presence of a slit in 
the configuration of Figure 8. 
Figure 10 is a graph of the transmission spec- 
trum of Dupont Riston 21 6R photoresist. 

4 
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Figure 11 is the same basic figure as that of 
Figure 6 wherein the reflection of selected light 
rays is illustrated. 

Figure 12 is a modified arrangement from that of 
Figure 6 for the true combination of brightfieid 
and darkfield illumination. 
Figure 13 is a cross-sectional view of the il- 
luminator of Figure 6 showing an air flow control 
system for cooling the lamps and mirrors, and, 
thereof minimizing Schlieren effects. 
Figure 14 is a perspective view of the illuminator 
cooling system and related ducts. 
Figures 15a and 150 are plan vertical cross- 
sectional and bottom views, respectively of the 
slit assembly and integral air bearing of the 
illuminator of the present invention. 
Figures 16a and 16b are plan cross-sectional 
and perspective views of a first embodiment of a 
fluorescence illuminator of the present invention. 
Figure 17a is a schematic representation of a 
second embodiment of a fluorescence illumina- 
tor of the present invention. 
Figure 17b is a cross-sectional schematic repre- 
sentation of a illuminator capable of both re- 
flected light and fluorescence illumination. 
Figure 18 is a perspective view illustrating the 
mechanical mounting of the slit assembly, the 
illuminator assembly, the sensor lenses, and the 
sensors with associated electronics with respect 
to each other. 

Figure 19 is a schematic view of the multi- 
segment TDI sensor selected by the applicants 
for their particular application. 
Figure 20 is a more detailed view of the individ- 
ual sensor segments of the TDI sensor of Figure 
20. 

Figures 21a through 21 j illustrate the modulation 
specification of the selected TDI sensor by 
showing the desired response to selected input 
illumination patterns. 

Figure 22 is a graph of the minimum quantum 
efficiency versus wavelength of the selected TDI 
sensor. 

Figure 23 is a block diagram of the TDI elec- 
tronics for one section of the multi-section TDI 
sensor of the present invention. 
Figure 24 is a timing diagram of selected sig- 
nals from various blocks of the TDI electronics 
of Figure 24. 

Figure 25 is a block diagram of a single image 
processor electronics section which corresponds 
to one of the TDI electronics sections of Figure 
24 for use in the data base inspection configura- 
tion. 

Figure 26 is a block diagram of the processor 
electronics section which communicates with a 
single TDI sensor of Figure 24 for pattern to 
pattern inspection. 



Figure 27 is a block diagram of the processor 
electronics section which communicates simulta- 
neously with a pair of TDI sensors of Figure 24 
for pattern to pattern inspection. 
5 Figure 28 is. a schematic representation of a 
non-uniform light illumination system for use 
with a TDI sensor. 

Figure 29 is a plan view of the TDI with com- 
bined illumination from the filament of the light 

io source and the reflected image of that filament 
from the substrate being inspected. 
Figure 30 is a plan view of the TDI sensor 
illustrating the substitution of a sweept laser for 
the incandescent light source of Figures 28 and 

75 29. 

Description of the Preferred Embodiments 



20 System Overview 

In Figure 1 there is shown an overall block 
diagram for the inspection system 10 of the 
present invention. In system 10 the method of 
25 testing is basically the comparison of the surface of 
a first substrate the surface of a second substrate 
that is intended to be the same as the first sub- 
strate (die-to-die), a substrate with a repeating pat- 
tern wherein one of those patterns on the substrate 
30 is compared to another of those patterns on the 
same substrate, or the basic characteristics of the 
expected pattern of the substrate being inspected 
stored in memory (data base). 

The first of the configurations, die-to-die. is 
35 useful when the substrate, say a semiconductor 
wafer, includes a plurality of dies which are in- 
tended to be the same as each other. In this 
situation two dies are viewed simultaneously with 
the features of one compared to those of the other. 
40 If there is a discrepancy, the discrepancy is noted 
and between which two dies that discrepancy ex- 
ists. The process continues with each die being 
viewed twice with the possible exceptions of the 
first and last dies in an inspection path. With this 
45 method of inspection the bad dies can be singled 
out since they will generally show up in more than 
one non-comparing pair- ,n ^is inspection mode 
none of the expected characteristics of each die 
are stored in a data base from any source.^This 
so method could also be used when the "dies" are 
separate, e.g. two or more printed circuit boards. In 
the execution of the actual examination there is a 
choice of performing the inspection with a matched 
pair of optical paths and sensors with sensor output 
55 signals applied simultaneously to the comparator, 
or with a single optical path and sensor with the 
image characteristics of the first die stored tem- 
porarily and then applied to the comparator as the 
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second die is imaged. The image characteristics of 
the second die then overwrite those of the first die 
in the temporary memory and the process contin- 
ues as discussed above. 

tn the data base configuration, the image char- 
acteristics of the substrate to be inspected are pre- 
stored in memory with the data being generated 
other than by optical imaging of a known good 
substrate, or "golden board". The most common 
way that such a -data base is generated is by a 
CAD system from which the substrate was original- 
ly designed. Such a data base can also be man- 
ually generated which, for most applications, would 
be very inefficient. In operation, this configuration 
would then optically image the substrate being 
inspected and compare the imaged characteristics 
with those stored in the data base. Here, a non- 
comparing substrate is automatically identified as 
defective. 

In the situation when two repeating patterns are 
viewed simultaneously with the features of one 
compared to those of the other. If there is a dis- 
crepancy, the discrepancy is noted and between 
which two of the repeating patterns that discrep- 
ancy exists. The process continues with each of 
the repeating patterns being viewed twice with the 
possible exception of the first and last of those 
patterns in an inspection path. With this method of 
inspection the bad "patterns" can be singled out 
since they will generally show up in more than one 
non-comparing pair. In this inspection mode none 
of the expected characteristics of the pattern are 
prestored in a data base. In the execution of the 
actual examination there is a choice of performing 
the inspection with a matched pair of optical paths 
and sensors with sensor output signals applied 
simultaneously to a comparator, or with a single 
optical path and sensor with the image characteris- 
tics of the first repeating pattern stored temporarily 
and then applied to the comparator as the second 
repeating pattern is imaged. The image character- 
istics of the a second repeating pattern then over- 
write those of the first repeating pattern in the 
temporary memory and the process continues as 
discussed above. 

The applicants' application of the system here- 
in disclosed is the inspection of wafers, masks, 
printed wiring boards, photo tools, and the like, 
including substrates wherein the same pattern is 
repeated a large number of times (e.g. semicon- 
ductor memory chips). 

System 10 in the embodiment of the present 
invention is a computer control led system having a 
CPU 26 that communicates with various other ele- 
ments of the system via data bus 40. The other 
elements of the system coupled to data bus 40 are 

*1 Inch = 2.54 cm 



ROM 30, RAM 32, monitor 34, X-Y servo control 
36, location sensors 38, and image processor 25. 
Keyboard 28 is provided for user interaction with 
the system to initiate and manually control inspec- 

5 tion of the substrate 14, and monitor 34 is provided 
for visual feedback to the user of the area of 
substrate 14 that is currently being viewed. RAM 
32 and ROM 30 are included for the usual func- 
tions in a CPU controlled system. X-Y servo control 

;o 36 is mechanically linked to one or more X-Y 
stages 12 to more substrates 14 to the desired 
location under CPU 26 control. Location sensors 38 
are linear scales for determining the X and Y 
position of stages 12. Mounted directly above sub- 

75 strate 14 is optical illuminator 20 which provides 
illumination to the surface of substrates 14 by light 
rays 16, and through which the surface of the 
substrate is viewed by light rays 18 and 18' by 
sensors 24. Sensors 24 convert the viewed image 

20 of the surface of substrates 1 4 to an electrical 
signal that is applied to image processor 25. Image 
processor 25 in turn operates on the signals from 
sensors 24 to both enhance the detected image 
and to restructure the data to compress it to mini- 

25 mize the memory necessary to store the received 
data in RAM 32 depending on which mode of 
operation is being employed. 

In operation in the data base mode, the user 
initially stores in RAM 32 the design characteristics 

30 of the pattern on the surface of the substrate 14 to 
be inspected. Those characteristics include location 
and characteristics of features and connectivity in- 
formation. This can be done with the data base 
used to generate the pattern. 

35 Through the use of various illumination tech- 

niques discussed below in combination with a se- 
lected image sensor, e.g. a TDI sensor, the surface 
of substrates, such a printed wiring boards, can be 
inspected with the substrate traversing in a straight 

40 line beneath the illuminator at speeds in the range 
of 25 inches * per second. 



Optical Illuminator 

45 " ~~ 

One of the embodiments of the present inven- 
tion is an illumination apparatus which, to the great- 
est extent possible, provides a uniform sky of illu- 
so mination above the workpiece being inspected, so 
as maximally to suppress texture-induced mottling 
effects. 

Optical illuminator 20 may be understood by 
considering illumination ray 5, in Figure 2. This ray 
55 is provided by an illumination system (not shown), 
from an angle outside the aperture of lens 22. Ray 
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5 is reflected by the inclined surface at point 13, to 
become ray 6. which enters lens 11. This ray, 
when imaged on a sensor, will contribute to making 
the surface region around point 13 appear bright 
rather than dark. The reasoning exemplified by this 
discussion of Figure 2 led to proving that the 
mottled appearance of rough surfaces can be mar- 
kedly reduced or even eliminated, by providing 
illuminating light rays from a great many angles, so 
that whatever the local inclination of a particular 
region of the surface, there will always be illuminat- 
ing rays available at the appropriate angles to be 
reflected into the viewing lens. 

For each angle at which an element of surface 
may be sloped, there will be a particular group of 
illuminating rays that will be reflected from that 
surface into the viewing lens. In order that surfaces 
sloped at different angles may appear to the sen- 
sor to be equally bright, it is important that all the 
different groups of rays be of similar intensity. 
From the standpoint of an imaginary observer, sta- 
tioned on the conducting surface and looking up. it 
should appear that light is arriving from ail direc- 
tions with equal intensity; i.e. that the observer 
stands beneath a sky of uniform brightness. 

This illumination condition would pertain if 
there were a Lambertian diffusing surface, such as 
a piece of opal glass, located directly above the 
observer, and if spatially uniform illuminating light 
were delivered through this surface. A Lambertian 
surface is one which radiates equal optical power 
densities into equal solid angles, so that an ob- 
server looking at the surface from any direction 
sees the same brightness. An imaginary observer 
residing on the workpiece would look up at the 
opal-glass sky. and in no matter what direction he 
looked would see an intensity proportional to the 
intensity of light striking the top of the opal glass at 
the point where he was looking. Thus the spatial 
uniformity of light striking the top of the opal glass 
would result in angular uniformity of light as seen 
at the observation area. 

Such an illuminator would be unusable, if for 
no other reason than that the opal glass would 
prevent viewing of the object. The illuminator of the 
present invention is a practical illuminator which 
approximates the ideal Lambertian illuminator to a 
useful extent. It can be described as a quasi- 
Lambertain illuminator. 

There are some forms of surface roughness 
which make total suppression of mottling impos- 
sible. This can be understood by considering Fig- 
ure 3. Point 205 on the surface of conductor 8 is 
tilted so far from the horizontal as to be inacces- 
sible to sky illumination. Rays 201 and 202 extend 
from point 205 to the boundaries of lens 11. Rays 
203 and 204 are the illuminating rays which would 
have to be provided, in order to be reflected into 



rays 201 and 202. These rays would have to come 
from within conductor 8, which is not possible, or 
would have to arrive at point 205 after undergoing 
one or more reflections from other points on the 
s conductor surface. Since the reflectivity of surface 
materials is imperfect indirectly-illuminated points 
like point 205 will appear to be darker than points 
that are directly illuminated by the sky. 

In spite of the theoretical impossibility of total 
10 suppression of mottling, we have observed empiri- 
cally that the closer we come to providing a uni- 
form sky of illumination above the workplace, the 
more effectively mottling is suppressed. With op- 
timal suppression of mottling, we can adjust the 
75 inspection algorithms to find the smallest possible 
defects in the conductor pattern, without creating 
false defects due to incorrect identification of dark 
copper areas as insulator. 

Based on data collected in an experiment us- 
20 ing a quasi-Lambertian illuminator, the histogram of 
Figure 4 shows the distribution of pixel intensities 
for areas of the object (a small sample cut from a 
pwb) which are covered with copper, and another 
distribution for areas in which the insulating FR4 
25 substrate is exposed. We observed the width of the 
copper peak, as a fraction of its average value, 
while varying the numerical aperture of illumination. 
This function is plotted in Figure 5. 

It can be seen that the peak narrows as the 
30 numerical aperture increases, up to the limit of the 
experiment. The data demonstrate that, from the 
standpoint of minimizing the apparent surface mott- 
ling of rough copper surfaces, it is desirable to 
have the highest possible numerical aperture of 
35 illumination, that numerical aperture exceeding at 
least 0.7 NA, and preferable exceeding 0.8 NA. 

It should also be understood that, while Figures 
2 and 3 show cross-sections in which illumination 
is shown as being uniform in one particular cross- 
40 sectional plane, it is desirable to have uniformity in 
all directions about the object. If this were not 
done, for example, a small area of surface which 
was tilted 40 degrees from the normal in a north- 
erly direction would have a different apparent 
45 brightness from an elemental surface area tilted in 
an easterly direction. 

The general rule that emerges from the experi- 
ments is that every part of the sky must, to the 
greatest extent possible, be uniformly filled with 
so light, in order to minimize apparent mottling of 

rough surfaces. 

There is an advantage of quasi-Lambertian illu- 
mination in addition to the advantage of mottling 
reduction, which is that such illumination improves 
55 the ability of an optical inspection system to find 
the bottom edges of conductive lines. 

Returning to Figure 2, note that edge 7 of the 
conductor line is sloped at an angle to the vertical. 
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so that the line has greater width at the bottom 
than at the top. A common inspection requirement 
is to determine the gap between adjacent conduc- 
tors at the bottom since it is at their closest dis- 
tance of approach that conductors are most likely 5 
to be short-circuited. A brightfield illuminator will 
typically cause an edge like 7 to appear dark, and 
indistinguishable from the substrate material, be- 
cause edge 7 will not reflect brightfield rays back 
into the viewing lens, it is therefore a tendency of w 
brightfield illuminators to cause conductor widths to 
be measured at the top (since only the top of the 
conductor can be seen). It can be demonstrated 
that for many of the varying edge profiles that are 
seen on pwb's, the use of quasi-Lambertian illu- 75 
mination is helpful in providing rays that make 
conductor edges visible, so that conductor widths 
and spacings can be measured at the bottom of 
the conductor profile. 

A general requirement for the illuminator is that 20 
the light intensity in the optical field-of-view be 
substantially uniform along the length (Y direction) 
of the TDI sensor. However, it need not be uniform 
in the X direction, the direction of motion of the 
stage (perpendicular to the long axis of the TDI 25 
sensor). This is due to the integrating property of . 
the TDI sensor in that direction. This property al- 
lows the light to have any intensity profile in the X- 
direction, so long as the integrated total energy 
across the sensor field-of-view is uniform along the 30 
length of the field-of-view. This makes the con- 
struction of an illuminator for a TDI sensor much 
easier than for a conventional area sensor that 
requires substantially constant light in both axes. 
This integrating property even makes the system 35 
tolerant of the pixel-blocking dust particles on the 
face of the sensor. Their effect is simply integrated 
out by the TDI sensor. 



a. Focussed quasi-Lambertian illumination. 

A disadvantage of most forms of diffuse illu- 
mination, and in particular of most imaginable re- 45 
alizations of quasi-Lambertian illumination, is that 
they are very wasteful of light. 

In the design of a high-speed optical inspection 
machine, system performance is often limited by 
the amount of available light If quasi-Lambertian 50 
illumination is achieved at the expense of great 
waste of light, it may be necessary to slow the 
machine down in order to maintain an adequate 
signal to noise ratio. The essential feature of the 
present invention is that it provides focussing ele- 55 
ments, in at least one axis, so as to achieve quasi- 

* 1 square inch =2.54 cm 1 



Lambertian Illumination within the limited area that 
Is to be viewed by a sensor, while minimizing the 
wastage of light to illuminate non-viewed areas. 

It will also be seen below that the inclusion of 
an illumination-controlling slit to limit the quasi- 
Lambertian illumination further improves the signal- 
to-noise ratio by suppressing noise as well as by 
enhancing signal. This is a second advantage of 
the present invention. 

It will further appear below that the particular 
embodiments of our invention that are designed to 
work with generally-linear detector arrays achieve 
efficient focussed high-NA illumination over a very 
long field of view. 

While the basic invention is the provision of 
focussed quasi-Lambertian illumination, there are 
additional design principles that should be incor- 
porated in the design to optimize the usefulness of 
the inspection system of the present invention. In 
the design of optical illuminator 20 of the present 
invention the viewing lens has an NA of 0.06, and 
the illumination NA is approximately 0.9. 

It is well known that, in conformance with the 
second law of thermodynamics, no illumination op- 
tical system can achieve an apparent brightness 
greater than that of the light emitting source. In 
practical terms, this means that if the light source 
used in a certain system has a surface area of ten 
square inches * , the most efficient possible design 
of illumination optics will deliver all of the emitted 
light to an area of ten square inches, and most 
illuminators actually achieveable will spread the 
light over a larger area than ten square inches. It 
may therefore be concluded that, for maximal effi- 
ciency in design of a quasi-Lambertian illuminator, 
the light source must be of dimension comparable 
to or smaller than the area to be illuminated. 

A second requirement, in the design of an 
efficient quasi-Lambertian illuminator, is that focus- 
sing means must be provided, in at least one axis, 
so that light rays which naturally diverge from the 
source will be reconverged toward the object being 
illuminated. 

A third requirement is that the combination of 
whatever focussing and non-focussing optical ele- 
ments are provided in the illuminator should ensure 
that the sky above the object appears substantially 
uniform from all angles above the object and not 
just in one cross-section. An example of the ap- 
plication of this principle will appear in the discus- 
sion below of the particular incadescent-lamp im- 
plementation of a focussed quasi-Lambertian il- 
luminator. 

In the illuminator of the present invention, the 
focussing optical elements are elliptical cylinders 
which provide convergence in only one plane (see 
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mirrors 901 .902, and 903, in Figure 6). Rat end 
mirrors 1102 and 1103 (Figure 7) are perpendicular 
to the lamp filaments (907a, 908a, and 909a) and 
to the axes of the elliptical cylinders of mirrors 901 , 
902 and 903; these end mirrors provide multiple 
reflections of the ellipses and lamps creating the 
equivalent of very long lamps and elliptical reflec- 
tors when viewed from the pwb target Thus the 
combination of end mirrors (1102 and 1103 and 
cylindrical focussing mirrors (901, 902 and 903) 
has the effect of causing the object to see a 
uniform sky in all directions. 

In the design of the focussed quasi-Lambertian 
illuminator for inspection of surfaces, a design prin- 
ciple is to trace rays from the workpiece back 
toward the filament that emits the illumination. Tak- 
ing into account the tolerances of system manufac- 
ture, it should be ensured that every such ray 
eventually strikes the region occupied by the fila- 
ment, and that the net loss incurred by the ray due 
to surface reflections should not exceed 20%. and 
preferably should not exceed 10%. 

What is unexpected in the illuminator of the 
present invention is that it achieves efficient fo- 
cussed high-NA illumination over a very large linear 
field, by providing efficient optical coupling to a 
generally-linear light source. It is also unexpected 
that the present invention illuminator provides 
substantially-uniform high-NA illumination in both 
axes, said illumination being focussed in at least 
one axis, without requiring the illumination to pass 
through the same lens that is used to form an 
image on an image sensor. This achievement op- 
timizes the design to reduce the cost- of the sensor 
lens. 

b. Removable slit to improve signal to noise ratio 

When illumination of very high numerical ap- 
ertures is used to inspect pwb's, a surprising phe- 
nomenon occurs, which must be overcome if high- 
angle illumination is to be used. This phenomenon 
is illustrated by Figures 8 and 9. 

Begin by imagining Figure 8 with slit assembly 
607 absent. A focussed quasi-Lambertian illumina- 
tion system provides rays of light at many angles. 
The illumination strikes region 602 which is viewed 
by the optical sensor, and also, because of imper- 
fections in the illuminator, strikes areas outside 
region 602. The excess illumination area is made 
as small as possible in order to conserve light, but 
it is impossible to force all the light to strike within 
region 602. 

Ught rays 604, 605, and 606 are selected 
examples of the many rays which are present in 
the system. Ray 604 is shown striking a portion of 
conductor 603 and reflecting at such an angle that 



it will contribute to forming an image of the con- 
ductor. Ray 605 strikes the fiberglass substrate, 
diffuses randomly through the substrate material, 
and emerges at a point within viewed region 602, 
s where it will contribute to the apparent brightness 
of the substrate at the emergence point. Ray 606 
strikes the substrate at a point outside the viewed 
region 602. and diffuses into the viewed region 
before it emerges, so that ray 606 also contributes 
io to the apparent brightness of the substrate in the 
viewed region 602. 

The usual mode of viewing a pattern of copper 
conductors on a fiberglass substrate is to rely on 
the fact that the apparent brightness of copper 
75 exceeds the apparent brightness of the fiberglass 
substrate. Consider now the effect on 
copper/fiberglass contrast of increasing the numeri- 
cal aperture of illumination. When the NA is low. 
certain regions of the copper, which happen to be 
20 nearly level, will appear to be bright. Regions which 
are tilted away from level will appear dark. Thus 
the histogram of copper reflectivity, as seen in 
Figure 9. condition 1, will be broad. 

Under this same low-NA illumination condition. 
25 a large fraction of the light rays entering the fiber- 
glass substrate will emerge at angles such that 
they escape from the optical system. A random 
sample of these rays, after diffusion, will emerge in 
such a position and at such an angle that they can 
30 be seen. Because of the multiple refractions under- 
gone by every light ray as it travels in the sub- 
strate, light intensities will be thoroughly random- 
ized, and the general brightness of the substrate 
will seem rather uniform. Because at least half the 
35 diffusing rays randomly pass toward the back side 
of the substrate rather than the viewed side, and 
because some of the rays are absorbed without 
ever emerging from the substrate material, the sub- 
strate generally appears to be darker than the 
40 copper. The uniformity and darkness of the sub- 
strate appear in Figure 9 condition 1 as the narrow- 
ness and small average brightness value of the 
histogram peak corresponding to the substrate ma- 
terial. 

45 Now consider how the situation changes as the 

numerical aperture of the illumination system is 
increased. The copper areas which were initially 
bright do not greatly change in brightness, because 
the added high-angle rays, when they strike these 
so nearly-level areas, are reflected out of the optical 
system. Copper areas which were initially dark will 
tend to increase In brightness, as has been pre- 
viously explained. The net effect is to reduce mott- 
ling, but not greatly to increase the level of the 
55 peak brightness seen from copper areas. The ef- 
fect on the Condition 2 histogram is that the copper 
peak gets narrower, but not much further to the 
right on the brightness axis. 
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The effect on the diffusive substrate material is 
different Because of the diffusive action of the 
substrate, any ray that enters the materia! has an 
approximately constant chance of emerging at 
such an angle as to be seen by the optical system. s 
As the range of provided illumination angles is 
increased, the total amount of light entering the 
substrate is increased and the observed brightness 
increases in proportion. This situation is exacer- 
bated by rays such as ray 606. which strike the w 
substrate outside the viewing area, so that they can 
contribute nothing to the apparent brightness of 
conductors, but because of diffusion, they can in- 
crease the undesirable apparent brightness of the 
substrate. 75 

The net effect of increasing greatly the numeri- 
cal aperture of illumination is a histogram such as 
that shown in Figure 9, condition 2, where the 
substrate peak overlaps the copper peak. The 
brightest points on the substrate, in other words 20 
look brighter than the dimmest points on the cop- 
per. The computer can no longer distinguish unam- 
biguously between copper and substrate. We have 
narrowed the copper peak in the histogram, which 
is desirable, but have introduced another highly- 25 
undesirable effect. 

A solution to this phenomenon is the addition 
of means to restrict the illumination to a narrow 
region on the substrate, thereby eliminating rays 
such as ray 606, which have only undesirable 30 
effects. The slit assembly 607 shown in Figure 8 is 
one such means. In one experiment with 0.9 NA 
illumination, it was found that by changing from a 
1.6 mm slit to a 0.8 mm slit, there was a change 
from an .unacceptable Condition 2 histogram, to a 35 
desirable histogram such as that in Fig. 9, con- 
dition 3. 



c. White Light Source, with spectral selection filter 40 

In designing an optical inspection machine for 
pwbs, it is desirable to be able to vary the color of 
light seen by the sensor, in order to optimize 
contrast in particular inspection applications. For 45 
example, it is sometimes desirable to inspect pat- 
terned photoresist on copper, prior to the etching 
of the copper. If defects are found in the photores- 
ist pattern, the resist can be stripped and replaced, 
without wasting the substrate. Photoresist is sup- 50 
plied in several colors, and successful inspection 
requires selection of inspection light wavelengths 
that will optimize contrast between the resist and 
the copper. 

For example. Figure 10 shows the transmission 55 
spectrum of Dupont Riston (TM) 21 5R. a commer- 
cially available red photoresist material. By restrict- 
ing the inspection wavelengths to a range between 



500 and 575 nm, we can make the resist appear to 
be dark, while the copper will be bright; the re- 
flectivity of copper varies from about 63% at 500 
nm to about 80% at 575 nm. 

In order for an optical inspection machine to 
exhibit maximum flexibility in the inspection of 
pwbs, the following Items are suggested: 

a. Interchangeable color filter (915, Figure 6), 
permitting selection of different filters to op- 
timize the inspection of different materials. 

b. A light source which has available substantial 
energy throughout a wide spectral region, such 
as 500 to 700 nm. 

c. An image sensor which is responsive through- 
out the entire useful spectral band of the light 
source. 

d. Auxiliary enhancing means for improved sig- 
nal to noise ratio, that enable the machine to run 
at high speed despite the loss of signal level 
entailed In use of a narrow-band filter, for exam- 
ple, a TDI sensor, a light source whose physical 
size is similar to the size or the region viewed 
by our photosensor, and a focussed-light il- 
luminator. These features jointly suffice to per- 
mit 100 Mpixel/sec. operation even with a filter 
installed that permits only 500 to 575 nm radi- 
ation to reach the sensor. 

It is not new to provide a filtered light source. 
For example, the Optrotech Vision 105 provides 
interchangeable filters. Comparing the machine of 
the present invention to that one, however, we see 
that Optrotech has needed to employ a high-effi- 
ciency sodium arc lamp in order to get enough 
light to keep their machine working even at 10 
Mpixel/s. This lamp does not provide substantial 
radiation in the wavelength range below about 550 
nm. The present invention is able to use less 
efficient lamps (tungsten-halogen, which do provide 
a useful amount of energy to 500 nm), because of 
the provision of various above-cited techniques that 
enhance the efficiency with which available light is 
used. What is new is the combination of a filtered 
broadband light source with the efficiency-enhanc- 
ing features that make such a light source usable 
for high-speed inspection. 

The use of a 64 row TDI sensor with all effi- 
ciency of 64 times that of a normal sensor is what 
allows the use of tungsten-halogen lamps (907. 908 
and 909 Figure 6). 



d. Implementations with multiple linear tungsten 
filament lamps. * 

Figures 6. 7 and 11 show one embodiment of 
the design of the present invention. The light sour- 
ces in this illuminator are three linear-filament 
tungsten-halogen lamps 907, 908 and 909. Each 
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lamp has a filament (907a, 908a and 909a respec- 
tively, located approximately centrally in a tubular 
glass envelope). Each lamp filament is imaged in 
the inspection area 912. Filament 908a is imaged 
by elliptical mirror 901, filament 909a by elliptical 
mirror 902, and filament 907a by the combination 
of elliptical mirror 903 and beamsplitter 904. 

The filament of lamp 909 lies at the first focus 
of elliptical reflector 909 and the linear illuminated 
area 912 lies at the second focus of the same 
ellipse. Thus, due to the well-known imaging prop- 
erties of an ellipse, light emanating, from filament 
909 that strikes reflector 902 is focussed in a line 
along area 912. The imaging of filament 910 by 
reflector 901 corresponds exactly to the imaging of 
filament 909 by reflector 902. Similarly filament 907 
lies at the first focus of the upper elliptical reflector 
903 and area 912 lies at the second focus of 
reflector 903 as reflected from beamsplitter 904. 

Any generally-linear light source may be used 
with the described optical system. One alternative 
is to use capillary arc gas discharge lamps. 

The inspection area 912 is viewed, through 
beamsplitter 904, by lens 906, whose function is to 
form the image of area 912 on a photo sensor (not 
shown) through sensor lens system 906. For best 
efficiency, the sensor will be of the TDI type as 
discussed below. Slit assembly 910 is provided, as 
has been explained above, to improve the contrast 
between copper and fiberglass material. End mir- 
rors 1102 and 1103 (visible in the exploded view of 
Figure 7) are so positioned as to make the lamp 
filaments appear to be of infinite extent. Because of 
these mirrors, skew rays (such as ray 1101 in 
Figure 7) find their way to observation region 912 
by undergoing one or more reflection from the end 
mirrors enroute to region 912. 

The presence of the end mirrors 1102 and 
1103 is responsible for the fact that this illuminator 
delivers substantially uniform illumination not only 
in the cross-sectional plane of Figures 6 and 11, 
but also in the perpendicular plane and all inter- 
mediate planes. This is necessary if we are to have 
effective quasi-Lambertian illumination. An imagi- 
nary observer stationed on the observation region 
912 and looking up into the sky, would see the 
surface of a lamp filament in any direction he 
looked, out to an angle of 0a from the surface 
normal. Figure 11 shows that limiting angle e 3 is 
established by the edges of mirrors 901 and 902,in 
the plane of Figure 1 1 . Figure 7 shows that limiting 
angle 0 3 is established in the orthogonal plane by 
the lower edges 1104 and 1105 of end mirrors 
1102 and 1103. 

The relationship between angles By and 0 2 is 
also important. *i is the angle from the surface 
normal within which sensor lens 906 collects light. 
This angle will typically range up to about 5.74 



degrees (0.1 NA), or perhaps somewhat larger. 
Angle 0 2 is from the normal to the inner edge of 
mirrors 902 and 901 . e 2 is greater than so that the 
inner mirror edges do not obstruct the light rays 
s traveling from the observation region 912 to the 
viewing lens 906. Angle, 0 3 from the surface nor- 
mal to the outside edges of the mirrors, establishes 
the extent to which the illuminator approximates a 
full uniform sky. In the current design, this angle is 
w approximately 70* . which corresponds to a numeri- 
cal aperture of 0.94. 

Illumination rays such as ray 916, (Figure 11) 
which are reflected so as to pass through the lamp 
envelope on their way from the mirror to the ob- 
75 servation area, may be somewhat deflected by the 
envelope, and their intensity will be somewhat re- 
duced because of the partial reflections that occur 
at each glass/air interface. It is therefore a feature 
of the preferred embodiment of the invention that 
20 the lamp filaments are positioned at an azimuth 
close to extreme illumination angle 03. Thus the 
distorting and intensity reducing effects of the 
glass envelope are concentrated in the extreme- 
angle rays. Experience has shown that these rays 
25 are less important in reducing apparent mottling of 
rough surfaces that are rays that strike the object 
closer to normal incidence. 

The focussing action of the elliptical mirrors 
causes this system to be much more efficient than 
30 an illuminator not having focussing. Putting aside 
the losses caused by imperfect mirror and beam- 
splitter reflectivity, and illumination imperfections 
caused by non-straight lamp filaments, the bright- 
ness experienced by our imaginary observer is the 
35 same as if the entire sky above him were filled with 
white-hot tungsten, at a color temperature which 
may exceed 3100K. 

The anangement of three uniaxially-focussing 
mirrors and a beamsplitter, in combination with 
40 generally linear light sources and end mirrors 
which make those light sources appear to be of 
infinite extent, is believed to be innovative. 

It is also believed to be innovative to have an 
arrangement of uniaxially focussing illuminators 
45 and linear light sources, in which the sky is divided 
into two portions as follows: there is an outer por- 
tion of the sky in which the mirrors may be fully 
reflective, and an inner portion in which at least one 
partially-transmissive object, such as beamsplitter 
so 904. is required in order for a viewing lens to view 
the object through the illuminator. 

There is a temptation to use the nomenclature 
of microscope illuminators, to describe the illumina- 
tor of the present invention as comprising a 
55 "brightfield" portion, which provides rays generally 
within an inner viewing cone, and a "darkfield" 
portion which provides rays outside that cone. This 
is not strictly correct, as may be seen in Figure 7. 
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In the direction along the long axis of line-like 
observation region 912 the upper lamp and mirror 
system provide both rays at angles inside viewing 
cone 917, and other rays that lie far outside cone 
917. Thus the upper illuminator 907 shares some 
brightfield and some darkfield characteristics. 

A variation of the design of the present inven- 
tion that is useful in some circumstances is an 
arrangement in which the sky is in fact partitioned 
into true brightfield and darkfield sections. To do 
this (Figure 12) the beamsplitter 904' is placed 
above lens 906', so as to provide brightfield illu- 
mination through the lens. Mirrors 901 and 902 
extend and intersect in the middle, with an open 
circular region 918 of angular extent 6<\ t so that 
they provide wideangle darkfield illumination, in all 
regions not illuminated by lens 906'. 

An advantage of the optical arrangement of 
Figure 6 in which the beamsplitter 904 is below the 
sensor lens 906, is that there is no opportunity for 
stray light to be reflected from the lens back into 
the sensor. Because of the very high levels of 
illumination used in high-speed inspection systems, 
suppression of such stray light is important. 

It is desirable for the reflective surfaces in the 
illuminator to have wavelength-dependent proper- 
ties. Each tungsten (amp filament emits a wide 
range of wavelengths, primarily in the visible and 
infrared, but only a selected portion of the spec- 
trum, typically in the 500 to 700 nm range, is 
useful. To the extent that other wavelengths are 
reflected, and focussed on the observation region 
912, they will contribute to undesired heating of the 
pwb. 

One approach to wavelength selection is to 
make the mirrors of glass, and to make the mirror 
coatings multilayer dielectric cold mirrors, which 
are designed to reflect the wavelengths of interest, 
and to transmit other wavelengths. Another ap- 
proach, suitable if the mirror substrates are of 
opaque material such as electroformed nickel, is to 
employ a dark mirror coating. Dark mirror coatings 
are also multilayer coatings, designed to reflect 
selected wavelengths and efficiently couple others 
into the substrate material, where they are ab- 
sorbed. 

In either case, it is necessary to ensure that the 
non-reflected energy is effectively carried away in 
a cooling airstream (see Figure 13). In the case of 
dark mirrors, the unwanted energy serves to heat 
the mirror substrates. Air flowing directly over the 
substrates will then absorb the heat and carry it 
away. 

In order to minimize the amount of waste en- 
ergy which must be transferred to the cooling air 
stream, it may be desirable to provide the tubular 
envelopes of the lamps with dielectric coatings, so 
designed as to transmit desired visible wavelengths 



and reflect at least a portion of the unwanted long- 
wave radiation back onto the filament. Such lamps 
are available, for example, from General Electric, 
under the tradename "Wattmiser". 

5 It may also be desirable to provide auxiliary 

tubes, surrounding the lamp envelope, the infrared- 
rejecting coating being provided on the auxiliary 
tube. This approach has the advantage of allowing 
lower-cost uncoated lamps to be used. The rela- 

io tively expensive lamp coating would reside on the 
auxiliary tubes, which do not require periodic re- 
placement. 

Because beamsplitter 904 is partially transmis- 
sive, a beam of waste energy is transmitted 

75 through the beamsplitter. Ray 920, in Figure 6, is 
the extreme uppermost ray of this beam. An impor- 
tant design feature is that sensor lens 906 is 
placed high enough so that the waste energy beam 
does not enter the lens housing. If the beam 920 

20 did enter, it would be likely to bounce around 
inside the housing, giving rise to stray-light artifacts 
in the image. 

An important feature of the illuminator design 
shown in Figures 6, 7 and 11 is that beamsplitter 

25 904 is tilted at a relativeiy small angle to the optical 
axis. A more conventional way to configure a verti- 
cal illuminator would be with the beamsplitter at 45 
degrees. In the system of the present invention, 
however, it is necessary for lens 906 to have a 

30 relatively high numerical aperture (up to NA 0. 1), 
and to exhibit low optical aberrations. Furthermore, 
the low-aberration performance must be maintained 
over a substantial depth of focus, on the order of 
+ 0.002 inches. It has been determined that a 1 

35 mm thick beamsplitter tilted at 45* would contri- 
bute so much aberration in the viewing optical 
system as to make the required combination of 
resolution and depth of focus unattainable, even 
with a perfect lens. 

40 A tilted glass plate contributes less aberration 

as the angle of tilt is reduced. It has therefore been 
found advantageous to make the angle as small as 
possible, consistent with other design constraints. 
This led to a choice of tilt of about 20* . 

45 Even if the glass plate could be completely 

untilted, there would remain some spherical aberra- 
tion, but this is not a serious problem, as it can be 
corrected by the proper design of the lens 906. 
The astigmatism resulting from tilting the plate 

so cannot easily be corrected in the lens design 
(partial correction by means of tilted lens elements 
might be possible, but it would be expensive), so 
tilt must be minimized. 

As will be discussed further below, it is ad- 

55 vantageous to provide a flow of cooling air through 
the illuminator, to carry off heat generated by the 
lamps and to suppress Schlieren effects in the 
viewing optical path. Window 905 serves to confine 
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the air flow and to keep dust off beamsplitter 904 
while permitting lens 906 to see observation region 
912. 

An important feature of slit assembly 910 is 
that It is removable and that it floats on an integral 
air bearing above the surface being inspected, in- 
dependent of the housing of the illuminator. In the 
inspection of some kinds of pwb's, such as mul- 
tilayer boards with a large amount of warpage, the 
surface being inspected may move up and down 
over a distance greater than the optical depth of 
field as the board is scanned beneath the optical 
inspection head. The inspection machine contains 
a focussing mechanism that is designed to move 
the optical head up and down to follow the motion 

of the board. 

Figure 15a and 15b illustrate the slit assembly 
910 or the of the present invention with its integral 
air bearing. Slit 922 runs the length of the assem- 
bly and when the assembly is installed beneath 
illuminator 20. slit 922 is substantially as long as 
the optical field or view parallel to the filament of 
lamps 907-910. Slit assembly 910 also defines, 
parallel to slit 922. air channels 924 which connect 
to a 60 psi * air supply (not sshown) to apply 
positive air flow thereto. Extending through the 
bottom surface of slit assembly 910 and connected 
to one of air channels 924 are selectively spaced 
air outlet orifices 926. Thus, as a result of the size, 
spacing and number of ducts 926. and the air 
pressure applied to channels 924. slit assembly 

910 will float closely above the surface of the item 

911 to be inspected. If the air pressure is main- 
tained constant, then the spacing between the in- 
spection surface 911 and the slit assembly 910 will 
remain substantially constant. 

Figures 13 and 14 illustrate a suitable air flow 
system 22 for removing heat and Schlieren effects 
from the illuminator assembly 20. A typical il- 
luminator 20 may dissipate on the order of 3 kilo- 
watts of heat, which may require an air flow of 
approximately 300 cubic feet per minute (cfm) - to 
remove the heat without an unacceptable tempera- 
ture rise of the exhaust air. The cooling system 22 
comprises blower 1301. air filter 1302, inlet air duct 
1303. flow-directing baffles such as 1407 and 1408 
and exhaust ducts 1 304. 

Vanes 1407' and 1408 serve to duct the air 
downward through the optical path. They lie just 
outside and parallel to the extreme rays from the 
object to the viewing lens 906. Note that they 
project slightly below the elliptical reflectors 901 
and 902. An observer on the illuminator line would 



see only the edges of vanes 1407 and 1408, be- 
cause the planes of these vanes lie along the lines 
of sight originating at the center of the fieid-of-view. 
This minimizes the amount of sky that is dark due 
5 to their presence. The air flow ducted by these 
vanes serves to sweep the hot turbulent air from 
the optical path to minimize thermal gradients 
along the path of the viewing optics and thus 
minimize Schlieren effects. (Schlieren effects are 
10 the refraction of light rays due to thermally induced 
variations in the index of refraction of the air 
through which the light passes.) 

One feature of the design of the cooling sys- 
tem is that the airflow path is sufficiently airtight to 
is avoid significant discharge of warm air inside the 
machine. The warm air is ducted outside the ma- 
chine, so that it does not contribute to inaccuracies 
in the performance of the imaging optical system. 
Another requirement in the design of the cool- 
20 ing system is that the lamp envelopes must not be 
overcooled. It Is known that for long operating life 
of a tungsten-halogen lamp, the wall temperature of 
the lamp should not be allowed to fall below about 
250* C when the filament is at full operating tem- 
25 perature. If the wall does cool below this level, 
there occurs suppression of the chemical cycle that 
moves deposited tungsten from the lamp wall back 
to the filament. The results are that the lamp wall 
turns black and the filament tends to bum through. 
30 The duct pattern shown in Figs 13 and 14 was 

empirically developed to meet this bulb tempera- 
ture requirement, while simultaneously meeting the 
Schlieren suppression requirement. 

An alternative arrangement for meeting the 
35 bulb temperature requirement is to surround the 
bulb envelope with an auxiliary glass tube, such as 
the infrared-relecting auxiliary tube discussed 
above. The presence of this tube protects the lamp 
envelope from direct impact of air flow, so that air ■ 
40 flow velocity can be made significantly higher with- 
out unduly lowering the temperature of the lamp 
envelope. 

A system design feature necessary for the 
effective use of illuminator 20 is apparatus to bal- 

45 ance the light intensity produced by each of the 
three lamps. In order to optimally suppress mott- 
ling effects on rough surfaced, all parts of the sky 
above the observation area should be of approxi- 
mately uniform brightness. One way to achieve this 

so brightness is to place a uniform diffusely-scattering 
sample in the observation region, operate the 
lamps one at a time, and adjust the lamp am- 
plitudes so that the peak brightness seen in each 



* 1 psi = 0.069 bar 
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case reaches a predetermined value. 



e. Incoherent Fluorescent Illuminator. 

This is a second embodiment of the present 
invention. 

The discussion above has centered on the use 
of focussed quasi-Lambertian illumination to sup- 
press surface mottling on rough-surfaced materials 
to be optically inspected. An alternative way to 
accomplish this end is to illuminate the pwb with 
short-wave radiation, for example in the range from 
400 to 500 nm, and to view the longer-wave radi- 
ation which may result from fluorescence stimu- 
lated by the shortwave radiation. 

Many types of pwb substrate material will flu- 
oresce to some extent, while clean metallic con- 
ductor surfaces will not, so such a scheme pro- 
duces high-contrast images in which the conduc- 
tors appear black and the substrate material ap- 
pears bright. Because the conductors are black, 
their surface mottling disappears. In some cases, it 
is practical to enhance greatly the fluorescence 
efficiency of the substrate, thus improving signal- 
to-noise ratio, by adding a fluorescent dye to the 
substrate. 

Optical inspection systems utilizing this princi- 
ple are known. Lincoln Laser Corporation sells a 
fluorescence-based pwb inspection machine in 
which the stimulating radiation is provided by a 
scanning 442 nm beam from a helium-cadmium 
laser. Such a machine has been described in U.S. 
patent 4,556,903, issued December 3, 1985 to 
Frank H. Blitchington and David B. Haught. 

The use of a laser to stimulate fluorescence 
has several disadvantages, which could be over- 
come if it were possible to use incoherent illumina- 
tion as the stimulant. Among the advantages of 
incoherent illumination are: 

a. Incoherent light sources are less expensive, 
especially when compared on the basis of cost 
per watt of delivered light, than are laser sour- 
ces 

b. Imaging systems based on incoherent illu- 
mination and solid state detector arrays can 
more economically be made to have high accu- 
racy in locating features than can a laser scan- 
ner, because of all the sources of inaccuracy 
associated with the moving parts, such as rotat- 
ing polygonal mirrors, that are commonly used 
in laser scanners. 

c. It is easier to achieve wavelength flexibility in 
an incoherent illuminator, than in a laser il- 
luminator. This is desirable because different 
materials will respond optimally to different stim- 
ulating wavelengths. 

The difficulty in applying incoherent illumina- 
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tion to fluorescent pwb inspection has been that 
there has seemed to be too little light available for 
high-speed inspection. The laser-based systems 
have the advantage that all of the relatively weak 

5 light output of the laser (about 10 mW) can be 
concentrated on a very small spot (as small as a 
fraction of a mil in diameter), and a large fraction of 
the fluorescent light emitted by that spot can be 
collected by large-aperture detector optics. Light 

70 from a high-pressure short arc lamp (the brightest 
readily available incoherent light source) cannot in 
principle be concentrated on an area smaller than 
the surface area of the arc (practical systems, in 
fact, can only concentrate light on much larger 

75 areas than that of the arc surface), and the aperture 
of the imaging lens collecting the fluorescent light 
must typically be small enough that 1% or less of 
the fluorescent radiation will be delivered to the 
sensor array. 

20 The applicants have recognized that the poten- 

tial advantages of the incoherent fluorescence sys- 
tem can be realized, by combining an incoherent 
fluorescent source with one or more of a group of 
efficiency enhancing devices. 

25 The first such device is a Time-Delay Integra- 

tion sensor (TDI sensor), whose application to auto- 
matic optical inspection is discussed below. One 
way to think of the benefit of the TDI sensor is to 
recognize that it effectively collects light from an 

30 area many times the width of the resolvable pixels 
(at least 64 pixel widths). Thus, if all the light from 
a fluorescence-stimulating source can be concen- 
trated in an area 64 times the width of a pixel, the 
effect will be as good as if all that light were 

35 concentrated in one pixel width for a conventional 
linear array sensor. This does a lot to overcome 
the difficulty of focussing incoherent light on a 
small area. 

Another efficiency-enhancing means is a 

40 concentrated-illumination system, such as that de- 
scribed above. 

Figures 16a and 16b illustrate a first embodi- 
ment of a fluorescence illuminator made in accor- 
dance with the present invention. This embodiment 

45 incorporates a concentrated-illumination system 
adapted for use with a substantially-linear viewing 
region, and may also incorporate a TDI sensor. 
Figure 16a is a medial cross-section and Figure 
16b is a perspective view of the illuminator. 

so Region 1501 is the line to be illuminated on the 

object to be inspected. If a TDI sensor is being 
used, this region will be on the order of 2000 pixels 
long and 64 pixels wide, where a pixel may be 
0.001 inches or less, depending on the resolution 

55 which is desired. Short-wavelength light is brought 
into the illuminator by fiber optic bundles 1 502 and 
1503, whose exit ends are narrow in the view seen 
in Fig. 16a (e.g. about 0.005 inches in height), and 
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as wide as the viewing line 1501 in the direction 
perpendicular to the section of Figure 16a. 

Mirror 1504 is a section of an elliptical cylinder, 
with foci at line 1 501 and at the exit end of fiber 
bundle 1503. Mirror 1504 may be approximated by 
a section of a circular cylinder, approximating 
closely to the specified ellipse. Similarly, mirror 
1505 is a section of an elliptical cylinder having 
foci on the exit end of bundle 1502 and line 1501. 
and this mirror also may be a segment of a circular 
cylinder approximating the optimal ellipse. 

Lens 1506 is the viewing lens, which focuses a 
fluorescent-light image of line 1501 on the sensor 
(not shown). This sensor may be an ordinary solid- 
state linear diode array sensor, or it may be a TDI 
sensor. 

Filter 1512 is a filter that blocks any short 
wavelength light from source 1511 that may be 
scattered off the substrate directly into the lens 
1506, and passes the visible light resulting from 
fluorescence of the substrate. 

As shown in Figure 16b, the fiber optic bundles 
1502 and 1503 are reshaped along their lengths, so 
that their entrance ends 1509 and 1510 are ap- 
proximately circular. This makes It convenient to 
illuminate the entrance ends of the fibers efficiently 
with light gathered from a short-wave light source, 
such as 365 nm radiation from a high-pressure 
mercury arc. Because the details of construction of 
efficient illuminators to produce circular spots of 
light are well known, this part of the system has not 
been illustrated in detail, but is represented as 
block 1511. 

It is important in the design of this system that 
a very large fraction of the light leaving the exit 
ends of the fiber bundles 1502 and 1503 be deliv- 
ered to the region that will be imaged on the 
detector. A first requirement, if this goal is to be 
achieved, is that the length of the arc of mirrors 
1504 and 1505 be well-matched to the divergence 
angle or rays leaving the fiber bundles (see Figure 
16A) so that of the rays leaving the bundles are 
captured by these mirrors and converged toward 
line 1501. Since the divergence angle of rays leav- 
ing the fiber bundles will be substantially equal to 
the convergence angles of the entering rays, this 
requirement is met by proper matching of the 
optical design of light source 1511 to the angular 
extent of mirrors 1504 and 1505. 

A second requirement in the design of the 
fluorescence illuminators of Figures 16a and 16b is 
that the width of the illuminated line 1501 not be 
substantially larger than the region viewed by the 
detector. This, in turn, requires that the height of 
the exit end of fiber optic bundles 1502 and 1503 
be significantly smaller than the width of region 
1501. This in turn implies a restriction on the 
diameter of entrance ends 1509 and 1510 of the 



fiber bundles. 

Now it is well known that an efficiently de- 
signed light source will be characterized by a cer- 
tain etendue, which is the product of the area of 
5 the region illuminated and the square of the nu- 
merical aperture of the converging illumination 
beam. If all the available light from a fiber arc lamp 
illuminator is to be collected, the designer has the 
freedom to illuminate a larger fiber bundle at a 
io small NA or a smaller bundle at a large NA, but he 
may not arbitrarily choose both area and NA. Since 
the width of region 1501 has implied a specification 
of the area to be illuminated, the NA of the light 
entering the fiber bundles, is determined. Because 
75 light will diverge at the same angle when it leaves 
the fiber bundles, this implies a requirement on the 
angular extent of mirror arcs 1504 and 1505. These 
arcs must be long enough so that, even with the 
restriction on the exit heights of bundles 1502 and 
20 1503. substantially all of the light delivered by 
source 1511 can be delivered to region 1501. 

It will usually be true that light emerging from 
the end of each optical fiber constituting bundles 
1502 and 1503 will diverge approximately conically. 
25 If the bundles are made approximately the same 
width as the length of the line to be illuminated, 
which is desirable for efficiency and uniformity of 
illumination, then the fibers near the ends of region 
1501 will radiate a significant portion of their output 
30 in directions that would carry the rays focussed by 
mirrors 1504 and 1505 into areas beyond region 
1501. For this reason, we provide end mirrors 1507 
and 1508. to redirect such rays back toward region 
1501. It will be clear to those skilled in optical 
35 design that the effect of mirrors 1507 and 1508 is 
to capture substantially all radiation originating from 
bundles 1502 and 1503 and direct it toward region 
1501 where it will be useful. 

A second embodiment of the fluorescence il- 
40 luminator of the present invention is illustrated 
schematically in Figure 17a. This embodiment is 
also adapted to provide efficient illumination of a 
substantially linear region 1601. It differs from the 
Figure 16 system primarily in that a cylindrical lens 
45 1604 has been used in place of mirrors 1504 and 
1 505. Light is brought to the system from a shor- 
twave light source (not shown) by a single fiber 
bundle 1602 having an exit shape which, like that 
of bundles 1502 and 1503. is short in the plane of 
50 the shown cross section but of a width in the 
perpendicular direction that is approximately equal 
to the length of illuminated region 1601. 

Beamsplitter 1612 is dichroic. which is to say 
that it is designed to be nearly 100% reflective at 
55 the short wavelengths used to stimulate fluores- 
cence, and nearly 100% transmissive at the longer 
wavelengths of the fluorescent light that is to be 
viewed. 
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Lens 1606 forms an image of region 1601 on a 
sensor, not shown, which may be a TDI sensor. 

The requirement for etendue matching affects 
the size of lens 1604 in the same manner as it 
affected the size of mirrors 1504 and 1505. 

End mirrors (not shown) are provided in the 
system of Figure 17a, for the same reason that 
they are provided in Figures 16a and 16b 



f. Combination illuminators. 

The illuminator shown in Figure 6 can be modi- 
fied to operate in either fluorescence or visible 
mode. This is done as shown in Figure 17b. The 
locations and nature of all components within this 
illuminator is essentially identical to the visible light 
illuminator shown in Figure 6. The changes are as 
follows: 

air cooled incandescent lamps 908 and 909 are 
replaced with water cooled mercury capillary arc 
lamps 1601 and 1602, and removable filters 913 
and 914 are added. In addition, beamsplitter 904 is 
made removable. 

niters 913 and 914 are inserted to block the 
visible light from lamps 1601 and 1602, allowing 
only the short wavelength light (less than 500 nm) 
to strike the substrate. When this illuminator is 
operating in fluorescence mode, lamp 907 is off, 
and filters 913, 914 and 915 are in place. 

Filter 915 is a visible light filter which passes 
the fluorescent light and blocks the short 
wavelength light passed by filters 913 and 914. 

When this illuminator is operating in quasi* 
Lambertian visible light mode, filters 913 and 914 
are removed or exchanged for visible light filters, 
beamsplitter 904 is inserted, and lamp 907 is 
turned on. 

This illuminator allows the inspection of a sin- 
gle substrate sequentially in visible mode and in 
fluorescence mode. The system then finds a sepa- 
rate set of defects in each mode, each set of 
defects containing a certain proportion of "false" 
defects, (defects that are seen by the system but 
are really not there). 

For instance, in visible mode, "false" defects 
may result from deep scratches in the copper, or 
dark oxide patches on the copper both of which 
might be seen as breaks in a trace. Similarly in 
fluorescence mode, a piece of dust lying across a 
trace might fluoresce resulting in the machine flag- 
ging a break. 

Due to the very different nature of the visible 
and fluorescent imaging processes, the "false" de- 
fects generated by each inspection lie in nearly 
nonintersecting sets. Thus if the results of the two 
inspections are put through a logical operation that 
does not recognize a defect as real unless it is 



found by both inspections the greater portion of 
"false" defects is eliminated leaving nearly all real 
defects. 

5 

g. Black Oxide 

The illuminator shown in Figure 6 is well suited 
for inspection of bright copper traces. However, it 
io is incapable of yielding a high contrast image on 
printed wiring boards in which the copper has been 
covered with an oxide layer, typically either black 
or brown. 

In that case, the copper is nearly unreflective 
T5 and appears dark except for an occasional bright 
spot where the oxide layer is not continuous. In 
actuality, the substrate (typically FR-4) appears 
brighter than the oxide covered copper. 

In this variant of the basic invention this ten- 
20 dency of these substrates to appear brighter than 
the oxide is used to provide a high contrast image 
in which the FR4 substrate appears brighter than 
the traces. 

Referring again to Figure 9, it can be seen that 
25 the combination of high NA illumination and no slit 
produces quite bright FR4. The addition of high NA 
illumination does no appreciable brighten the oxide, 
so a high contrast image results in which the FR4 
is brighter than the black oxide. To avoid specular 
30 reflections from occasional bright points on the 
copper (missing oxide) the upper lamp 907 is 
turned off and the beamsplitter 904 is withdrawn. 

The removal of the beamsplitter provides an 
additional factor of two in the efficiency of collec- 
35 tion of light from the remaining two lamps. 

Thus the illuminator configuration used to in- 
spect oxides on copper is identical to that shown in 
Figure 6 except that the slit 910 and the beamsplit- 
ter 904 are removed. 

40 

h. Overall Optical System 

In Figure 18 the spatial relationships between 
45 the major element of the optical system of the 
present invention are shown, with a configuration 
for inspecting two parallel path on the surface to be 
inspected. While two optical viewing paths are 
shown here, any number of such path from 1 to N 
so could be provided. It should be obvious to those 
skilled in the optics art that the configuration could 
be expanded to inspect as many parallel path at 
one time as desired. Throughout the remainder of 
the discussion herein for illuminator 20 only a sin- 
55 gle inspection path on the surface being inspected 
is addressed for simplicity. 

In Figure 18 there is shown an optics mounting 
plate 806 to which all of the components shown in 
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this figure are mounted except for the slit assembly 
910 and illuminator 20. Optics mounting plate 806 
in turn is mounted to a fixed, relatively vibration 
free surface (not shown) by means of parallelogram 
flexure supports 807 and 808. These constrain the 
optics to move only in the vertical (z) direction for 
focussing. 

Similarly, slit assembly 910 is mounted below il- 
luminator 20 to the same fixed, relatively vibration 
free surface (not shown) by means of flexible sup- 
port 810. The slit assembly is mounted individually 
to the surface to permit it to fly on its integral air 
bearing above the surface to be inspected moving 
only in a vertical direction. 

There is a LVDT sensor located between slit 
910 and the optics plate 806 that senses the rela- 
tive position of the two. The signal from the LVDT 
is used by a focussing servo that moves the optics 
plate 806 to focus the optics. 

The illuminator 20 is also mounted to the same 
fixed surface to which the slit and optics plate are 
mounted. It is mounted via hinge supports 810. 
The illuminator is moved in a vertical direction to 
adjust for different board thicknesses. However, its 
depth of field is sufficient to allow it to remain fixed 
while-a given batch of pwbs is inspected. 

Beginning at the bottom of Figure 18, there is 
shown a double long illuminator 20 having two 
viewing windows 905 in its upper plate. Above, and 
in alignment with viewing windows 905 are sensor 
lenses 906 and 906'. The image light path from 
each of lenses 906 and 906' extends upward to 
mirrors 802 and 803, respectively, where the image 
light path is turned through 45* remaining parallel 
to optics mounting plate 806. Each of the image 
light paths continue to mirrors 804 and 805. re- 
spectively. The upper path is turned through an- 
other 45* so that it is now perpendicular and 
extending out from mounting plate 806. The lower 
path is turned down and then out perpendicular to 
the plate. Each of the image light paths then arrive 
at their respective image sensor 800 and 801 . By 
each of sensors 800 and 801 the image is con- 
verted into electrical signals which are processed 
by image processor 25. 



Critical Illumination with TDI Sensor 

Figure 28 is a schematic representation of an- 
other embodiment of an illuminator of the present 
invention. In this embodiment the light source radi- 
ates light other than substantially uniformly. The 
filament 338 of a non-uniformly radiating light 
source provides the illumination which is con- 
densed by lens 336 onto beam splitter 340. Beam- 
splitter 340 reflects a portion of the light from 
filament 338 downward through objective lens 334 



which focuses it onto substrate 330 as image 332. 
Beamsplitter 340, additionally, transmits a portion 
of the light upward to TDI sensor 344. The image 
332 on substrate 330 is also reflected upward 
s through lens 334 and beamsplitter 340 and focused 
onto TDI sensor 344. Thus, image 342 on TDI 
sensor 344 is a superposition of the reflected im- 
age 332 on substrate 330 and a projection of 
filament 338 (see Figure 29). The optics in this 
w embodiment are selected to form an image of the 
filament 338 on substrate 330 in a configuration 
known in the art as critical illumination. 

This embodiment takes advantage of the light 
integration capability of a TDI sensor. By scanning 
75 substrate 330 synchronously with the TDI sensor 
pixel scan, the spacial non-uniformities of the 
source 338 are averaged out in the direction of the 
scan. This technique when coupled with a TDI 
sensor allows the use of various non-uniform illu- 
20 mination sources with only minor modifications to 
the optical system shown in Figure 28. 

By scanning a substrate 330 in combination 
with a single row type sensor normally requires the 
source to be constant in time to a tolerance that 
25 depends on the allowed pixel to pixel variation. The 
use of a TDI sensor allows the use of light sources 
that are not constant in time. Examples of such 
light sources may be gas discharge lamps power- 
ed by alternating current, or a laser beam 346 (see 

30 Figure 30). 

The use of a laser beam only illuminates a 
small area at any instant with the beam rapidly 
scanned in a direction perpendicular to the effec- 
tive substrate scan direction. In Figure 30 it can be 

35 seen that the beam sweeps out an arc, yet the data 
output will nevertheless be in a rectalinear format 
due to the rectalinear geometry of the TDI sensor. 
This illustrates another advantage to the use of TDI 
sensors in their ability to present image data in a 

40 format that is generally more suitable for image 
processing than would normally be obtained using 
non-uniform light sources. 



45 TDI Sensor 

A time delay integration (TDI) sensor is imple- 
mented by focusing a moving image onto a 
charge-coupled device (CCD) light sensing array. 

50 The CCD consists of a two-dimensional array of 
light-sensitive areas, or photosites. When photons 
enter a photosite. electrons are released. The elec- 
trons migrate to potential energy wells created by 
clock lines located on the face of the array. Once 

55 charge has accumulated in the photosites, it can be 
moved to adjacent photosites by changing the vol- 
tages on the clock lines. Repeated cycling of the 
clock lines moves the charge in a given photosite 
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to a charge to voltage converter where it is read 
out of the sensor as a voltage. 

TDI uses the fact that, as charge packets are 
transferred from photos ite to photosite by cycling 
clock voltages as described above, the photosite 
will create electrons that add to the charge packet 
located at that photosite at the time. In TDI the 
charge packets are moved across the array so that, 
as a feature's image moves across the array, the 
charge generated by that feature is adding to the 
same charge packet. In effect, the array acts like a 
line sensor with an exposure time that is larger by 
a factor equal to the number of pixels in the TDI 
dimension. 

The application of TDI to inspection is attrac- 
tive because inspection processes tend to be light 
limited. The inspection rate of a line sensor is 
dictated by the signal-to-noise ratio needed and the 
amount of light available. Since the signal is pro- 
portional to the product of light power and time, if 
the light power is limited, the only way to get the 
needed signal-to-noise ratio is to increase the in- 
tegration time, which lowers the inspection speed. 
Due to its pipeline structure, TDI allows the integra- 
tion time to be increased without slowing down 
inspection. It also allows inspection with dark field 
illumination and fluorescence illumination, tech- 
niques that typically are light limited. 

To keep the output rate of the sensor compati- 
ble with the high light collection rate, multiple out- 
put taps are used. This prevents the output data 
rate for each tap from becoming excessive. The 
particular TDI sensor configuration selected by the 
applicants for their application consists of sixteen 
segments as shown in Figure 19. More specifically, 
the TDI sensor selected is a 64x2048 CCD image 
sensor having 64 rows in the TDI dimension and 
2048 columns in the MUX dimension that is run in 
the time delay integration (TDI) mode as shown in 
Figure 20. 

In operation the columns shift up or down to 
serial shift registers at the top and bottom of the 
array. "Up" and "Down" refer to parallel shifts of a 
row in the TDI dimension. The serial shift registers 
have 16 taps, one every 128 elements. Each tap 
has an 8 MHz output data rate. Hie shift register at 
the top snifts left and the shift register at the 
bottom shifts right looking at the front of the chip 
as shown in Figure 19. Such a sensor uses 4- 
phase. buried channel, front illuminated construc- 
tion. The specifications of the sensor selected by 
the applicants is as stated above with an individual 
pixel size of 27x27 urn; output sensitivity of 1 
03V/e; a CTE of greater than 0.99995 at a line rate 
of 60K lines/sec. a data rate of 8M pixels/sec. at a 
light level of 500K electrons; the dynamic range at 
the output being greater than 1250:1, saturated 
signal versus single pixel RMS noise, measured at 



8MHz clock rate with a minimum sample window of 
15ns; a dark current of less than 1% of saturation 
at 25° & at an 8Mhz pixel rate; and a column 
response non-uniformity of 10% within each tap 

5 and 1 5% tap to tap. 

Before continuing, several definitions are nec- 
essary. "Dark" and "light" lines are defined in 
terms of two irradiation levels, a "light" level L and 
a "dark" level D. when a large area is irradiated 

70 uniformly with level L, the response of each pixel is 
RL. when a large area is irradiated uniformly with 
level D, the response of each pixel is RD. For each 
of eight cases a line is defined as a spatial pattern 
of light levels L and D and the response of the 

75 pixels is specified in terms of RL and RD. Figures 
21a through 21 j provide the modulation specifica- 
tions of the selected TDI sensor in graphical form. 
In each of these figures the response of the TDI 
sensor to different input illumination patterns are 

20 shown. To summarize the modulation specifica- 
tions, when a single pixel-wide line is imaged onto 
the center row or column, the modulation as de- 
fined above (formula in Fig. 21c) must be greater 
than 60%. When it is imaged onto a boundary 

25 between rows or columns, the modulation must be 
greater than 40%. Similarly, Figiire 22 shows 
graphically the minimum acceptable QE (quantum 
efficiency) of the selected TDI sensor. 

Figure 23 is a block diagram of the image pick* 

30 up electronics, including the TDI sensor 206, which 
corresponds to the sensor block 24 of Figure 1. 
Included in the image pick-up electronics is a sec- 
ondary processor 200 that, among other oper- 
ations, generates four data words (Dg,os D g , gn , D^g*, 

35 and Ddyos) that provide input signals to the global 
gain and offset, and the dynamic gain and offset 
stages, for each segment of the TDI sensor, as 
discussed below. Also included is a phase locked 
loop 202, a timing generator 204 and the TDI 

40 sensor 206. For each segment of the TDI sensor 
206, a separate and identical output circuit is pro- 
vided of which only one of the 16 is shown in this 
figure. Each of those portions of the image pick-up 
electronics includes a factor of 2 multiplier 208, 

45 sampling switches 210 and 212 capacitors 246 and 
248. buffers 214. 216, 220 and 242, adders 218. 
222 and 228, multipliers 224 and 226, DACs 230- 
236. RAMs 238 and 240, and a flash A/D converter 
244. 

so Sensor 206 has 16, segments as discussed 

above, with a different output signal from each of 
those segments. In this figure the circuit for pro- 
cessing only one of those output signals is shown 
since each of the sensor output signal processing 

55 circuits are the same. The sensor output signal is 
first applied to a times two multiplier 208 to boost 
the signal, the amplified signal is then applied to 
the two sample and hold circuits. The upper sam- 
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pie and hold path (elements 210,214 and 248) 
samples the signal pixel by pixel to eliminate clock 
and reset noise which occurs between pixels. The 
lower sample and hold path (elements 212. 216 
and 246) samples a dark reference level which 
occurs during the line transfer time between each 
group of 128 pixels emerging from the sensor tap. 
The difference of these two signals is then gen- 
erated by a diffrential amplifier (elements 21 8 and 
220) resulting in a video signal which is substan- 
tially free of offset errors due to thermal or other 
changes in the dark output level of the sensor. That 
difference signal is then buffered by buffer 220 and 
applied to the cascade of adders 222 and 228 
between which multipliers 224 and 226 are also 
cascaded. These elements, together with DACs 
230-236 and RAMs 238 and 240, are the calibration 
circuitry. The function of this portion of the circuit is 
to remove anomalies in the image due to non- 
uniform illumination or non-uniform sensitivity of 
the sensor and provides a normalized signal at the 
output part of adder 228. The variations in the 
normalized signal should then only be the result of 
variations in the object being observed by the 
inspection system. 

The calibration circuits provide correction for 
the global and dynamic gain and offset that might 
be present. The global gain and offset signals are 
dc signals that provide very large changes in the 
amplifier in order to accommodate widely varying 
objects that are being inspected by the system. 
For example, different types of pwbs have highly 
varying contrasts between the copper and the sub- 
strate or the photoresist and the substrate. Thus, it 
necessary to be able to vary the gain of the am- 
plifier over a wide range in order to accommodate 
the possibility of inspecting any object that might 
be encountered. The input signals to DACs 230 
and 232 are generated in response to signals from- 
the host CPU 26 (Figure 1) as it initially views the 
object to be inspected to insure that there is suffi- 
cient contrast to perform the inspection task. 

The global calibration circuits provide for large 
changes in the gain and offset of all 16 channels 
simultaneously. This allows the host CPU to pro- 
gram the calibration circuits to accommodate a 
variety of inspectable objects whose background 
brightness and contrast may vary over wide 
ranges. The appropriate global gain and offset cali- 
brations are determined empirically prior to the 
start of an inspection and remain constant during 
the inspection process. 

The dynamic gain and offset circuitry does a 
pixel by pixel correction. The range of this circuitry 
is much restricted when compared to the global 
correction blocks. It can correct for up to ±20% 
variation in gain or offset but it runs at a very high 
speed since it has to change every pixel. This is 



the circuitry that corrects for non-uniformities in the 
illumination or the response of the sensor 206. The 
way that it is calibrated is with an image of a 
"black" reference surface and a "white" reference 
5 surface that are located on the X-Y stage 12. 
Ideally the reference images should come out com- 
pletely uniform, but they do not because of the 
non-uniformities. The host computer looks at what 
those responses are and then down loads appro- 
?o priate corrections to processor 200 where the pre- 
viously mentioned "D" signals are generated and 
applied to RAMs 238 and 240 to cause the correc- 
tion of each of the pixels to the nominal value that 

they should have. The signal from buffer 220 is 
75 then corrected by subtracting the global offset 

therefrom, divided by the global gain correction. 

multiplied by the dynamic gain correction, and the 

dynamic offset is added thereto. The corrected 

signal from adder 228 is then applied to buffer 242 
20 and then to flash A/D converter 244. The transfer 

function of the calibration circuits utilized in this 

application is as follows: 

G. L. = 44.74 - .lOODayos + (19 . 20 x 10 6 (801/7 
x 10" 6 + 1.578 x 10 6 D Ddygn ) (V in 2.552 x 10 3 

25 Dqlos) / Dglgn) (1) 
where: 

G.L = Gray level out of A/D converter (decimal) 0- 
63 Doyos = Dynamic pffset correction (decimal) 0- 
255 

30 Ddygn = Dynamic gain correction (decimal) 0-255 
Dqlos = Global offset correction (decimal) 0-255 
Dqlgn " Global gain correction (decimal) 100-1023 
ViN = Analog output of sample and hold circuit 
(volts) 

35 Each segment of the TDI sensor 206 is con- 

trolled by phase locked loop circuit 202 via timing 
generator 204. The output signals required by the 
TDI sensor are shown in the timing diagram of 
Figure 24. There are basically three classes of 
40 clock signals. There are the phase w C n clocks that 
shift charge in the TDI direction, and the phase "A w 
and "B" clocks that drive the output shift registers 
that shift the signals out of the array after it is 
imaged. Only one of the phase "A* or "B" clocks 
45 are active at any given time. Phase n C n clocks are 
free running clocks that are related to each other 
as shown in Figure 24. As charge is shifted from 
the TDI section of the array, the optically sensitive 
section of the array, it is transferred to one of the 
so two shift registers, the "A" or the n B w register and 
it is transferred out to each of the sixteen taps in 
the design of the present invention. The phase "A" 
and "B" clocks are the clocks that produce that 
charge transfer to the output charge to voltage 
55 converters. The phase W A" or "B" clocks are a four 
phase clock with each signal shifted sequentially 
90* in phase from the previous one, thus the TDI 
sensor is referred to as a four phase device. 
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In addition to the phase "A" or "B" clocks that 
shift charge out of the array, there is also a reset 
gate clock and that is indicated as the phase 
"RGA" or "RGB" signals for the "A" and "B w 
registers, respectively. They are in essence free 
running clocks that reset the output amplifiers on 
the sensor chip between each pixel to known lev- 
els. By looking at the encoder signaJs in the phase 
locked loop block 202 the direction that the X-Y 
stage 12 is moving in the X direction can be 
determined which thus, causes the selection of the 
appropriate one of the "A" and the "B" registers 
within sensor 206. The "A" and "B" registers are 
arranged on either side of the long axis of the 
array. The image is being moved across the array 
synchronously with the way that the signal charge 
is being moved across. To accommodate both 
scan directions it is necessary to shift charge in 
both directions therefore output registers are nec- 
essary on both sides of the array with only one of 
them active at any one time. Thus, the direction in 
which the substrate is being scanned must agree 
with that being decoded in the phase locked loop 
202. 

Sensor 206 used in the application of the ap- 
plicants is 2048 pixels long, and since there are 
sixteen taps on the array, those taps are placed 
every 128 pixels. When the phase "A" and "B" 
clocks are inactive signal charge is shifted in from 
the TDI section of the array. Then the phase "A" 
and "B" clocks, as necessary are initiated to shift 
out those 128 pixels per tap to the output amplifier 
for that tap. Then the clocks are again stopped and 
the next collection of pixels from the TDI section of 
the array are shifted in and the pattern is repeated. 
The periods when the "A" and "B" phase clocks 
are inactive are defined as the transfer time. The 
TDI sensor collects data continuously and shifts the 
data out during the transfer times in bursts. 

Across the top of the timing diagram of Figure 
24 are two series of numbers, one set without 
parenthesis and the other set within parenthesis. 
Timing generator 204 in the implementation of the 
applicant's was implemented by binary counters 
driving a PROM which decodes the output signals 
from the counter and generates the timing signals 
shown in Figure 24. The numbers in parenthesis 
are the counter output that corresponds to each 
increment in time in the timing diagram. The num- 
bers not in parenthesis are arbitrary state assign- 
ments for each timing state in that cycle. 

The 0 2m and 0 4 m signals drive the sample and 
hold circuits, and the Ysync goes to the input 
buffer to synchronize the image computer with the 
data that is coming out. 

The input signals to the phase locked loop 202 
are shown in Figure 23. Those signals are the 
biphase quadrature encoder signals which are a 



function of the speed of X-Y stage 12 and output 
signals from linear encoders 38 (Fig. 1). The pl1 
. 202 is programmable for the different stage speeds 
and pixel sizes. Table I describes the frequency of 

5 the output clock (4xck) for each combination of 
pixel size and scan (stage) speed that the ap- 
plicants are using. A biphase quadature encoder 
signal consists of two square wave or sinewave 
signals one of which lags the other by 90* of 

70 phase. When the scan direction changes, the signal 
that was lagging in the previous scan direction 
leads in the second scan direction. 



75 Image Processor 



Figure 25 is a block diagram of image proces- 
sor- 25 of Figure 1 in the data base inspection 
configuration. The output signals from each of the 

20 A/D converters 244 of each of the sixteen sections 
of the image pick up electronics of Figure 23 are 
applied in parallel to input buffer 310 in which a 
composite image signal is created. That composite 
image signal is then applied to the feature extrac- 

25 tion pipeline 312 which, under the control of image 
processor controller 314, extracts the features from 
that signal and puts them into the same format as 
the feature information from the "golden board" 
which is stored in reference data base 316 (a 

30 portion of RAM 32 of Figure 1). The features from 
data base 316 are then compared to the features 
from feature extraction pipeline 312 in defect de- 
tector 318 (could be performed by CPU 26 of 
Figure 1). A defect report in which each detected 

55 defect is reported to the user interface processor 
320 (could also be CPU 26 of Figure 1) which 
informs the user of the detected defects. The out- 
put signal from input buffer 310 is also coupled to 
monitor 34 (Figure 1 to display the region of the 

40 substrate being viewed by the user). 

Figure 26 is a block diagram for performing 
die-to-die or repeating pattern inspection using a 
single TDI sensor. To the left of the broken vertical 
line in Figure 26 is the same as in Figure 25. To 

45 the right of the vertical broken line there is tem- 
porary memory 315, switch 317, comparator 319 
and user interface processor 320. In operation a 
first die or pattern is viewed by the TDI sensor with 
the features of that die or pattern stored in tem- 

so porary memory 315 via switch 317 which is con- 
trolled by image processor controller 314 and user 
interface processor 320. Where the characteristics 
of the first die or pattern have been stored in 
memory 315, those characteristics are applied to 

55 comparator 319 as the characteristics of a second 
die or pattern are also applied to comparator 319 
via switch 317. Once the comparison is completed, 
a compare/non-compare signal is applied to user 
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interface processor 320 where that signal is noted 
together with an indication from image processor 
controller 314 as to which pair of dice or pattern 
were being compared. The inspection continues 
with the characteristics of the second die or pattern 
being stored in temporary memory 315, etc. 

By making memory 315 a FIFO (first in, first 
out) memory large enough to hold the characteris- 
tics of two die or patterns, switch 317 could be 
eliminated with the die or pattern characteristics 
being applied to memory 315 and comparator 319 
simultaneously. In this embodiment, memory 315 is 
first initialized. Then the first die or pattern is 
inspected resulting in its characteristics being 
stored in memory 31 5 while they are compared to 
a null set of characteristics. This results in the 
expected non-compare signal from comparator 
319. That being the start-up phase. Next, the char- 
acteristics of a second die or pattern are read into 
memory 315 while the characteristics of the first 
die or pattern are being written out simultaneously 
with the characteristics of the second die or pattern 
being applied to comparator 319. This process 
then continues as above for each of the dice or 
repeating patterns to be inspected. 

Figure 27 is a block diagram for performing 
die-to-die " or repeating pattern inspection using a 
pair of TDI sensors. To the left of the broken 
vertical line there are the same elements in that 
location as in Figure 26. Buffer 310 and feature 
extraction pipeline 312 constitute the path for pro- 
cessing the information from the first TDI sensor. A 
second buffer 31 1 and a second feature extraction 
pipeline 313 provide the path for processing the 
information from the second TDI sensor with pipe- 
line 313 also under control of image processor 
controller 314. The output signals from pipelines 
312 and 313 are simultaneously applied to com- 
parator 319 which functions as described above in 
the discussion with respect to Figure 26 as does 
user interface processor 320. 



Claims 

1. Inspection apparatus (10) for inspecting surface 
features of a substrate (14) comprising: 
memory means (32) for storing the desired features 
of the surface of the substrate; 
illumination means (20)for critical or substantial uni- 
form illumination of a region of the surface of the 
substrate to be inspected; 

TDI sensor means (24) for imaging the region of 
the substrate illuminated by the illumination means 
(20); and 

comparison means responsive to the memory and 
TDI sensor means for comparing the Imaged re- 
gion of the substrate with the stored desired fea- 



tures of the substrate. 

2. An inspection apparatus as in claim 1 wherein 
said illumination means (20) includes: 
non-uniform light source (338); 
5 condensing lens means (336) for condensing the 
light from said light source; 

objective lens means (334) for projecting the image 
(332) from the surface of the substrate (330) to the 
TDI sensor means (344); and 

70 beamsplitter means (340) located intermediate the 
TDI sensor means (344) and the objective lens 
means (334) angled to reflect a portion of the light 
emitted from the light source (338) to the substrate 
(330) through the objective lens (334) and to trans- 

is mit a portion of the light from the light source to 
the TDI sensor means (344) through the beamsplit- 
ter means (340) for forming a combined image on 
the TDI sensor means (344) of the light source 
(338) and a reflected image (332) of the light 

20 source from the surface of the substrate (330) 
being inspected. 

3. An inspection apparatus as in claim 2 wherein 
said light source (338) is a gas discharge lamp 
powered by alternating current and said image is 

25 that of the filament (338) of said lamp. 

4. An inspection apparatus as in claim 2 wherein 
said light source is a laser beam (346) scanned in 
a direction perpendicular to the effective substrate 
scan direction and said image is that of the scan- 

30 ning laser beam spot. 

5. An apparatus as in one of the preceding claims 
wherein the desired features are stored in the 
memory means (316) by first scanning a golden 
board Ath the inspection apparatus and storing the 

35 characteristics as the golden board is scanned. 

6. apparatus as in one of claims 1 to 4 wherein the 
desired features are stored in the memory means 
by loading the characteristics of the substrate from 
the CAD system that were used to produce the 

40 substrate. 

7. A method for inspecting surface features of a 
substrate, said method comprising the steps of : 

a. storing the desired features on the surface of 
the substrate; 

45 b. illuminating by means of critical or substantial 
uniform illumination a region of the surface of 
the substrate to be inspected; 

c. imaging the region of the substrate illumi- 
nated with TDI sensor means, preferably a TDI 

so sensor; and 

d. comparing the imaged region of the substrate 
with the stored desired features of the substrate. 

8. A method as in claim 7 wherein the step of 
illuminating includes the steps of : 
55 e. powering a non-uniform light source; 

f . condensing the light from the light source; 

g. applying the condensed light from step f. onto 
one surface of a beamsplitter for reflecting a 
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portion of the condensed light toward the sub- 
strate and transmitting a portion of the con- 
densed light to TDI sensor means preferably a 
TDI sensor; and 

h. passing the reflected light from the beamsplit- 5 
ter through an objective lens to focus said light 
onto the surface of the substrate and to transmit 

the image from the surface of the substrate 
directly to the TDI sensor means through the 
objective lens and the beamsplitter. io 

9. A method as in claim 8 wherein said light source 
of step a. is a gas discharge lamp powered by 
alternating current and said image is that of the 
filament of said lamp. 

10. A method as in claim 8 wherein said light 75 
source of step a. is a laser beam scanned in a 
direction perpendicular to the effective substrate 
scan direction and said image is that of the scan- 
ning laser beam spot 

11. A method as in one of claims 7 to 10 wherein 20 
the step of storing the desired features inlcudes the 
steps of 

i. scanning a golden board with the inspection 
appparatus; and 

j. storing the features as the golden board is 2s 
scanned. 

12. A method as in one of claims 7 to 11 wherein 
the step of storing the desried features includes the 
step of loading the characteristics, of the substrate 
from the CAD system that were used to produce 30 
the substrate. 

13. A method for inspecting surface features of a 
substrate especially as in one of claims 7 to 12 
said method comprising the steps of : 

a. illuminating by means of critical or substan- 35 
tially uniform illumination at least a first pattern 

in a region of the surface of the substrate to be 
inspected; 

b. imaging a first pattern in the illuminated re- 
gion of the substrate illuminated in step a. with 40 
TDI sensor means , preferably a TDI sensor; 

c. storing the imaged pattern of step b; 

d. illuminating by means of critical or substan- 
tially uniform illumination at least a second pat- 
tern in a region of the surface of the substrate to 45 
be inspected; 

e. imaging a second pattern in the illuminated 
region of the substrate illuminated in step d. with 
TDI sensor means preferably TDI sensor; and 

f. comparing the imaged second pattern of step so 
e. with the first pattern stored in step c. 

14. A method as in claim 13 wherein said first and 
second patterns are intended to be identical and/or 
are first and second dies. 

15. A method as in claim 14 wherein said first and 55 
second dies are on the same substrate. 

16. A method as in claim 14 wherein said first and 
second dies are on different substrates. 



17. A method as in claim 13 wherein said first and 
second patterns are repeated patterns on the same 
die that are intended to be identical. 

18. A method as in one of claims 13 to 17 further 
including the steps of : 

g. storing the result of the comparison of step f. 
together with the locations of the first and sec- 
ond patterns; and 

h. repeating steps a. through g. sequentially for 
each pair of patterns with the second pattern in 
the previous pair becoming the first pattern and 
another pattern becoming the second pattern. 

19. A method for inspecting surface features of a 
substrate especially according to one of claims 7 to 
1 1 , said method comprising the steps of : 

a. illuminating by means of critical or substan- 
tially uniform illumination at least a first and 
second pattern of the surface of the substrate to 
be inspected; 

b. simultaneously imaging the first and second 
pattern in the illuminated region of the substrate 
illuminated in step a. with first and second TDI 
sensor means preferably a first and second TDI 
sensor, respectively; 

c. comparing the imaged first and second pat- 
terns of step b. 

20. A method as in claim 19 wherein said first and 
second patterns are first and second dies that are 
intended to be identical. 

21 . A method as in claim 20 wherein said first and 
second dies are on the same substrate. 

22. A method as in claim 20 wherein said first and 
second dies are on different substrates. 

23. A method as in claim 19 wherein said first and 
second patterns are repeated patterns on the same 
die that are intended to be identical. 

24. A method as in one of claims 19 to 23 further 
including the steps of : 

d. storing the result of the comparison of step c. 
together with the locations of the first and sec- 
ond patterns; and 

e. repeating steps a. through d. sequentially for 
each pair of patterns with the second pattern in 
the previous pair becoming the first pattern and 
another pattern becoming the second pattern. 

25. Inspection appparatus (10) for inspecting sur- 
face features of a substrate (1 4.) especially acccor- 
ding to claim 1 comprising: 

illumination means (20) for critical or for substan- 
tially uniform illumination of a first and second 
pattern in a region of the surface of at least one 
substrate to be inspected; 

TDI sensor means (206) for sequentially imaging 
said first and second patterns; 
memory means (315) for storing the imaged first 
pattern as that pattern is imaged by said TDI 
sensor means; and comparison means (319) re- 
sponsive to the memory and TDI sensor means for 
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comparing the imaged second patterns with the 
first pattern stored in the memory means (315). 

26. Inspection apparatus as in claim 25 wherein 
said memory means also stores the result of the 
comparison together with the locations of the first 5 
and second patterns. 

27. Inspection apparatus for inspecting surface fea- 
tures of a substrate, especially according to claim 1 
comprising: 

illumination means (20) for the simultaneous critical io 
or substantially uniform illumination of a first and 
second pattern in a region of the surface of at least 
one substrate to be inspected; 
a pair of TDI sensor means for sequentially imag- 
ing said first and second patterns; and *5 
comparison means (319) repsonsive to said pair of 
TDI sensor means for comparing the imaged first 
and second patterns. 

28. Inspection appparatus as in claim 27 further 
includes memory means for. storing the result of 20 
the comparison together with the locations of the 

first and second patterns. 

29 .Inspection apparatus as in one of claims 25 to 
28 wherein said first and second patterns are first 
and second dies that are intended to be identical. 25 

30. Inspection apparatus as in claim 29 wherein 
said first and second dies are on the same sub- 
strate. 

31. Inspection apparatus as in claim 29 wherein 

said first and second dies are on different sub- 30 
strates. 32. Inspection apparatus as in one of 
claims 25 to 28 wherein said first and second 
patterns are repeated patterns on the same die that 
are intended to be identical. 
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@ Methods and apparatus for inspecting surface 
features of a substrate. In each configuration, at least 
one TDI sensor is used to image the portions of 
interest of the substrate, with those portions illumi- 
nated either with substantially uniform illumination or 
critical illumination. In one configuration, a substrate, 
is compared to the expected characteristic features 
prestored in a memory. In a second configuration, a 
first and second pattern in a region of the surface of 
at least one substrate are inspected by comparing 
one pattern against the other and noting whether 
they agree with each other without the prestoring of 
an expected pattern. This is accomplished by illu- 
minating at least the two patterns, imaging the first 
pattern and storing its characteristics in a temporary 
memory, then imaging the second pattern and com- 
paring it to the stored characteristics from the tem- 
porary memory. Here, the comparison reveals 



whether the two patterns agree or not. Then the 
comparisons continue sequentially with the second 
pattern becoming the first pattern in the next 
imaging/comparison sequence against a new second 
pattern. Each time the comparison is performed, it is 
noted whether or not there has been agreement 
between the two patterns and which two patterns 
where compared. After all of the patterns are se- 
quentially compared, the bad ones are identified by 
identifying those that did not compare with other 
patterns in the test process. This inspection tech- 
nique is useful for doing die-to-die inspections, as 
well as repeating pattern inspections within the same 
die. A variation of the second configuration uses two 
TDI sensors to simultaneously image the first and 
second patterns, thus eliminating the need for the 
temporary memory. In this configuration, the two 
patterns are simultaneous imaged and compared, 
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then additional patterns are compared sequentially, 
in the same manner with the results of the compari- 
sons and the pattern locations stored determine 



which patterns are bad when the inspection of all 
patterns is completed. 
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